Abstract
INTRODUCTION
Forest ecosystems are an important component of the terrestrial carbon (C) pool and are known to be vital for the cycling of considerable amounts of C in the form of biomass, living and dead (Harmon et al. 2000; Marklund and Schoene 2006; Wirth et al. 2009 ). Ongoing species loss has triggered a multitude of studies concerning the effect of biodiversity on C dynamics (Nadrowski et al. 2010) , most importantly primary production (Baruffol et al. 2013; Poorter et al. 2015) and decomposition (Scherer-Lorenzen et al. 2007) . While the effects of biodiversity on leaf litter decomposition have been extensively studied, they are not explored for wood decomposition to date.
Wood decomposition is mediated via the activity and abundance of fungi and macroinvertebrates as decomposers (Begon et al. 2006; Cornwell et al. 2009) . A suite of studies demonstrate a significant influence of woody plant species richness on arthropod communities in near-natural forests (Doblas-Miranda et al. 2008; Wardle et al. 2006; Brezzi et al. 2017) . Similarly, there is evidence for effects of tree species composition on the microbial community (Pei et al. 2016; Ushio et al. 2008; Zhang et al. 2017) , possibly via changes in leaf litter quality with increasing tree species richness (Huang et al. 2017) . While the microbial community is one of the key components of the total decomposer community (Yin 1999 ) the higher fraction of total mass loss in subtropical and tropical ecosystems has been attributed to mesoinvertebrates and macroinvertebrates (Cuffney et al. 1990; Graca et al. 2001; Kagezi et al. 2011) . The link between tree species diversity and the two major groups of decomposers suggests a bottom up control of tree species diversity on wood decay rates. However, it remains unclear whether a potential effect of tree species diversity on wood decay is mediated by different decomposer groups.
There is general consensus that wood decay rates are strongly climate dependent (Harmon et al. 1986; Weedon et al. 2009) . At the stand level, microclimate can be influenced by small scale variation of topography (Geiger et al. 1995) as well as by the local vegetation via leaf transpiration and shading (Martius et al. 2004 ) which can be further complicated by the asymmetric competition for light in different functional groups of tree species (Guo et al. 2017) . While relationships between decay and climate have so far been mainly found for large climatic gradients (but see Bradford et al. 2014) , it remains unclear whether small scale variations in microclimate affect local variation of wood decay rates.
In the present study we investigate the relative influence of tree species richness on the decomposition rates of a standard wood litter (Schima superba Gardner & Champion, Theaceae) under natural microclimatic variation. We manipulated the decomposer community composition (microbes and macroinvertebrates versus microbes only) to assess whether tree species richness effects differ with respect to the presence of different decomposer groups. Due to the recalcitrant nature of wood, it is only gradually being colonized by decomposers after a trees death. During this time decomposition proceeds slowly before it increases rapidly (Freschet et al. 2012) . Thus, the relative importance of factors influencing decay rates may be different at different decay stages.
Our study was set up in the framework of a biodiversityecosystem functioning experiment in southeast China (BEFChina, Bruelheide et al. 2014) . We deployed more than 500 wood samples in litter bags for three years (sampled in two cohorts) along a gradient of canopy tree species richness (monocultures up to 24-species mixtures). In addition, the litter bags were used to modify the decomposer community, allowing or excluding macroinvertebrates (Bradford et al. 2002) . We used analysis of variance (ANOVA)-based approaches to assess the relative importance of (i) canopy tree species richness and meso-and macro-arthropod exclusion in comparison to (ii) the effect of microclimatic variables. Moreover, (iii) we investigated whether the relative importance of tree species richness, macroinvertebrate exclusion and microclimate changes with ongoing coarse woody debris decomposition.
MATERIALS AND METHODS

Study site
The present study was carried out in the experimental sites of the BEF-China project located in Jiangxi Province, Southeast China (near the town of Xinganshan, 29°06′17.4′N 117°55′45.7′E). Within the BEF-China project, two experimental sites (termed Site A and Site B) of a total size of ~40 ha, comprising a total of 566 plots (23.8 × 23.8 m each) have been established between 2009 and 2010 on clear-cut former forest plantations. Within the experimental sites, mixtures from 0 to 24 tree species from a total of 42 species from the local species pool have been planted according to a brokenstick design (see Bruelheide et al. 2014 for further details). The experimental sites span an elevational gradient of 90 to 290 m.a.s.l. and feature a very heterogeneous topography and steep slopes (29° ± 6.4 on Site A and 31° ± 6.3 on Site B; mean ± SD) facing to all cardinal directions (see Scholten et al. 2017 for further details). The plots for the present study were selected to reflect the heterogeneity of the local landscape (see online supplementary Fig. S1 ). The regional climate is characterized as typically subtropical, with a mean annual temperature of 15.1°C and a mean annual precipitation of 1.964 mm with warm summers and moderately cold winters (Yang et al. 2013) .
Plot selection and preparation
A total of 134 out of the total of 566 plots in the BEF-China experiment were used in this study and were equally distributed across the two sites (see online supplementary Fig. S1 ). The decomposition experiment comprised three 0-species plots, 32 monocultures, 16 2-species mixtures, eight 4-species mixtures, four 8-species mixtures, two 16-species mixtures and two 24-species mixtures plots per site; within the tree species richness levels, each species composition was replicated twice. This allowed to statistically separate effects of tree species richness on wood decomposition from effects of species composition.
Two weeks before deploying the wood in the plots we removed all herbaceous vegetation from the designated area and covered it with a black plastic tarp to prevent regrowth of herbaceous plants. The tarp was removed directly before placing the samples on the soil. To prevent weeds from growing over the samples, we left a 30 cm wide frame of black tarp around the samples.
Plot topography and microclimate
For each plot, aspect and the steepness of slope (in ° inclination) were recorded at the location of the samples using a compass with a clinometer. Moreover, we recorded the shape of the experimental position, i.e. whether the ground was convex, planar or concave (as a categorical variable with five levels). The aspect data (recorded in °) was converted to radian measures (restricted between 0 and 2π) and then decomposed into eastness and northness using the sine or cosine of the resulting value, respectively (Roberts 1986 ). In addition, in-situ microclimatic variables were recorded throughout the duration of the experiment for a subset of 69 plots (see online supplementary Fig. S1 ). We used climate sensors (HOBO U23 Pro v2 Temperature/Relative Humidity Data Logger-U23-001; Bourne, Massachusetts, USA) to measure air temperature and humidity in 30-minute intervals in the vicinity of the samples throughout the experiment. For subsequent analyses, data on microclimate were aggregated to daily mean, minimum and maximum values and then aggregated over both sampling periods (i.e. 2011-2012 and 2011-2014, respectively) . Moreover, we calculated annual mean, minimum and maximum temperature amplitudes as well as relative humidity as measures of climatic variability for both sampling periods, respectively. The maximum relative humidity was constantly 100% and was thus not included in the analysis. Note that in the overall design of this study, the plots featuring the climate sensors comprise only one replicate of tree species composition and thus do not allow the separation of tree species richness effects from tree species composition. This, however, was possible for the full dataset, comprising two replicates of each tree composition. To allow using the full dataset, we assessed the multivariate covariations between the local topography and the in-situ microclimate.
Decomposition experiment
The decomposition experiment was carried out between 2011 and 2014. We used log pieces of Schima superba trees as a standard litter, which is one of the most dominant tree species in the local species pool. We placed a total of 536 samples in the 134 plots of the two sites (two mesh size treatments and two time steps per plot) in November 2011.
The samples used in this study were cut from trees freshly harvested from a single forest stand in the vicinity of the experimental sites, shortly before the setup of the decomposition experiment. Samples were cut to a length of 25 ± 1 cm and 8 ± 2 cm in diameter (including the bark). For each sample, the identity of the tree individual was recorded (ID Tree ). From each tree, three disks (tree base, middle and crown base) were cut and dried to constant weight at 60°C. The relative water content of the discs was used to convert tree specific sample fresh weight into dry weight. The initial sample volume was calculated as a cylinder, using the mean of two length and two diameter measurements at both ends of the sample. Prior to deposition in the field, the samples were put in mesh bags of either 0.25 mm (fine mesh, mesoinvertebrate and macroinvertebrate exclusion) or 7 mm mesh size (coarse mesh, control) and sealed using cable ties.
The wood pieces were retrieved in two cohorts, after one year (end of September 2012) and after three years (end of August 2014) of in-situ decomposition. From each sample two discs of 3 cm thickness were cut, one at the edge and one in the middle. The discs were dried at 60°C to constant weight and the mean sample specific water content was used to calculate the sample-specific dry weight. Based on the relative mass loss sample specific annual decomposition constants (k-rates, g * g −1 * year −1 ) were calculated based on an exponential decay function as proposed by Olson (1963) . For each sample, the presence or absence of termite feeding marks was recorded.
Data analysis
Climate and topography
We investigated the multivariate relations between topography and microclimate using the 69 plots with both types of data available. To assess the covariations between topography and microclimate, we used PCA ordinations based on Euclidean distances using the (Z standardized) topographic variables inclination, eastness and northness and the microclimatic variables described above. Subsequently, we used the 'envfit'-function (R package 'vegan', Oksanen et al. 2015) based on 999 permutations to correlate microclimatic and topographic variables with the principal axes of the ordination. Both sampling periods were analyzed separately. To test whether the relationships between topography and microclimate were influenced by the surrounding vegetation, we analyzed the data from the first and second sampling period separately and looked for significant influence of tree species community related factors (i.e. planted vs. bare plots, tree species richness and tree species composition). We used multivariate ANOVA (MANOVA) analysis based on the (Z standardized) microclimatic variables, allowing the observations (Plots) to permute within sites in 999 permutations; terms were added sequentially from 'planted' over 'tree species richness' to 'tree species composition'. In addition, we used Procrustes rotation tests based on 999 iterations on the two PCA ordinations to test whether these displayed similar covariances between topographic and microclimatic variables in both sampling periods. Procrustes tests were carried out using the 'protest'-function available from the R-package 'vegan' (Oksanen et al. 2015) .
Analysis of direct vs. microclimate driven effects of tree species richness
We applied ANOVA based methods using the Z standardized values of the explanatory variables to assess the relative importance of tree species richness, mesh size and microclimatic conditions on wood decomposition. To partition the total variances in the k-rates among the explanatory variables, we decomposed them to three clustered sets of variables.
Within each cluster, the standardized effect sizes (SES) for the variables were summed.
The 'Treatment' cluster contained the mesh treatment and tree species richness. In addition, we included termite presence as a covariate and also allowed for all two-way interactions in this cluster. The 'Topography' cluster contained the inclination, eastness, northness and the shape (convex, flat, concave) of the sampling position. The 'Climate' cluster contained the respective microclimatic information. Since the microclimatic variables were highly correlated for physical reasons, the 'Climate' cluster was only represented by mean temperature in the ANOVA analysis to avoid high withincluster collinearity (see online supplementary Figs. S2 and S3). Within each cluster, the order of variables was kept constant across the whole analysis. Moreover, in addition to the summed SES of each cluster, we assessed the effect sizes of all variables within the 'Treatment' and 'Topography' cluster, to assess the overall effect brought about by their component variables.
We ran two sets of models, one including the 'Climate' cluster and one without. For models including the 'Climate' cluster, we could only use data from 69 plots without replication of the tree species composition. For models without the 'Climate' cluster, we were able to use the full set of 134 plots allowing the analysis of the effect of tree species richness within the respective tree species compositions. For this, we fitted each model of the full dataset with and without tree species composition in the error term (Fig. 3 ). For each model, the residuals were checked for outliers and homogeneity of variances. Outliers were removed from the models before interpreting the SES. To assess among-cluster collinearities, we ran our ANOVA analyses in several models for each sampling period and changed the sequence of all three clusters to all possible positions within the models (c.f. Figs.  2 and 3) .
RESULTS
Plot characterization: climate and topography
The first two principle components (axes) in the PCA of climatic and topographic variables accounted for a total of ~65% and 55% of variability in topography and microclimate among plots, for the first and second sampling period, respectively (Fig. 1) . Microclimatic variables co-varied strongly with micro-topography, indicating a strong relationship among these plot-related aspects. Plots oriented more to the north had lower maximum and mean temperatures as well as lower mean annual temperature and humidity amplitudes. Moreover, more northern plots were moister (as indicated by the positive covariation with mean and minimum relative humidity). Inclination was negatively related to indices for microclimatic variability, indicating that in steeper plots temporal variability of in-situ microclimate was less pronounced (detailed information on univariate correlations are provided in online supplementary Figs. S1 and S2). The covariance structures shown in Fig. 1 were similar for both sampling periods (Procrustes SS = 0.28, R 2 = 0.85, P = 0.001). In addition, the MANOVA analyses on the influence of plot specific community configuration (planted, tree species richness and composition, respectively) on the correlations in the microclimatic conditions had no significant influence for both sampling periods (see online supplementary Table S1 ).
Decomposition experiment
The mean annual mass loss for all samples amounted to 9.5 ± 6.1% and 49.4 ± 15.6% (mean ± SD) and mean k-rates were 0.3 ± 0.1 and 0.48 ± 0.1 (mean ± SD) for 2012 and 2014, respectively. Sample specific k-rates depended strongly on the initial wood volume. To account for this unwanted sample artifact, we standardized the sample specific k-rates to the mean volume of all samples using linear mixed effects models (for detailed information see online supplementary Supporting Information M1). Based on the volume corrected k-rates, both sets of models clearly show that decomposition rates could be better explained for samples that were left to decompose throughout the whole duration of the experiment (c.f. the amount of residual variation depicted in Figs. 2 and 3). For a detailed list on the proportions of explained variances based on the SES see online supplementary Tables  S2 and S3 . In models incorporating all three clusters, 'Treatment', 'Topography' and 'Climate' (69 plots), the 'Climate' cluster (representing mean temperature) accounted for <1-3% during the first sampling period (Fig. 2) . Interestingly, it was more important in cases where the 'Topography' cluster was fitted before the 'Climate' cluster, indicating a weak collinearity between variables of the two clusters (see also online supplementary Fig. S2 ). In the second sampling period the 'Climate' cluster only explained marginal proportions of variance and was displaced by the 'Topography' cluster. However, the effect of topography on wood decay rates indirectly depicts those effects of microclimate which are not represented by mean temperature. While in the first sampling period the 'Treatment' and 'Topography' clusters explained similar amounts of variance (both 6-10%, depending on their position in the model), the 'Treatment' cluster was the stronger predictor (ca. 30%) in the second sampling period compared to 'Topography' (ca 10%). (Model Nr.) . Significances are based on F-tests, using type 1 SS. Subpatterns depict single variables within the variable clusters. 'Termites' is a covariate, not a treatment variable; however, due to its close connection to the mesh size treatment it was incorporated in the Treatment cluster. Sign. ***P < 0.001; **P < 0.01; *P < 0.05. See color figure for online.
Within the 'Treatment' cluster, only mesh size significantly influenced wood decay rates, explaining ca. 8% of the overall variance in the first and ca. 28% in the second period (withincluster importance: 75-88% of variance, respectively; depending on its position in the model). Tree species richness was less important in both sampling periods (0.9-1.1% overall variance, independent of the position in the model). Similarly, within the 'Treatment' cluster none of the interactions with tree species richness were significant (for a full list of proportions see online supplementary Tables S2 and S3 ). However, in the second sampling period, the interactions between termite presence and tree species richness became more substantial (4-8% explained within-cluster variance, depending on the position in the model).
In both sampling periods, inclination accounted for the largest amount of variance within the 'Topography' cluster (3.3-5.8% overall explained variance, 39-76% explained within-cluster variance). Northness explained the second most amount of variance in wood decay rates (0.8-3.5% overall explained variance, 14-35% explained variance within the cluster), especially during the first sampling period. In addition shape explained a significant proportion of variance only during the second sampling period (2.5-3.3% overall explained variance, 27-40% explained variance within the cluster).
In models incorporating only the 'Treatment' and 'Topography' clusters (134 plots, Fig. 3 ), the relative importance among both clusters (as well as relationships within the clusters themselves) were similar compared to models incorporating the three clusters. Due to the higher amount of replicates these models fitted the observed data better, especially regarding the second sampling period. In contrast to the models with lower number of replicates, these models highlighted the effects of tree species richness within the 'Treatment' cluster. Additionally, they depicted significant effects of termite presence on wood decay rates as well as its interaction with tree species richness in the second sampling period. After accounting for the effect of tree species composition within the tree species richness levels, the amount of explained variance of termite presence as well as its interaction with tree species Figure 3 : the effect of treatment-related variables and topography on wood decomposition (k-rates) of Schima superba in a tree diversity experiment. Proportion of explained variance based on standardized effect sizes (SES) concerning the models containing the two focal components (clusters) Treatment (Trt) and Topography (Topo); n = 134 plots. (a) after one year of in situ decomposition (first sampling period); (b) after three years of in-situ decomposition (second sampling period). Model sequence describes the sequence in which the different (clustered) variables have been entered in the respective model (Model Nr.). Results are based on F-tests, using type 1 ANOVA. Subpatterns depict single variables within the two component clusters Trt and Topo. 'Termites' is a covariate, not a treatment variable; however, due to its close connection to the mesh size treatment it was incorporated in the Treatment cluster. Sign. ***P < 0.001; **P < 0.01; *P < 0.05. See color figure for online. richness decreased considerably within the 'Treatment' cluster. However, the relationships of variables within the 'Topography' cluster did not change markedly in importance (Fig. 3b) . Figure 4 illustrates the effects of the significant treatment and topography related variables in the late stage of wood decomposition based on the results of model 4.3 (Fig. 3b, i .e. including tree species composition in the error stratum). Invertebrate exclusion and a more northern orientation of the plot lead to lower wood decomposition rates. Additionally, wood decay was always faster when termites were present within a given level of tree species richness and samples placed in strongly concave places decomposed faster than in other situations (Fig. 4c) .
DISCUSSION
While tree species richness per se did not significantly affect wood decay rates, we did not find support for the idea that tree species richness effects are mediated by a certain decomposer group (fungi alone versus macroinvertebrates plus fungi). The exclusion of macroinvertebrates always decreased wood decomposition, irrespective of tree species richness. However, tree species richness mediated the effect of termite presence-which are among the most important decomposers in the subtropics (Liu et al. 2015 )-on wood decay. In addition, decomposition rates increased with more favorable microclimatic conditions (approximated by northness). This effect was found to be independent from tree species richness, since tree species richness did not affect the climate variables which were measured throughout the experiment.
Topography as a proxy for microclimate
Microclimatic variation was closely linked to topographic variables (Fig. 1) . In general, topography has been shown to be a good proxy for in-situ climatic conditions by many studies (e.g. Geiger et al. 1995; Sartz, 1972) . However, with ongoing development of young forest communities, the influence of tree architecture (e.g. shading) or physiological activities such as transpiration might distort these strong covariances (Martius et al. 2004) . Our data do not indicate such an influence, since we did not detect a significant effect of tree species richness or tree species composition on local microclimatic conditions during the course of the experiment. In addition, our analyses show that when the covariances between topography and microclimate were analyzed for both sampling periods separately their covariances were not decoupled. We thus conclude that using topography as a proxy for microclimate across the whole duration of the experiment is a valid approach (see also Geiger et al. 1995) .
Tree species richness did not have a significant effect on wood decomposition but the presence of termites increased the k-rates at all levels of tree species richness. This is demonstrated by the significant interaction between termite presence and tree species richness. However, the importance of this interaction decreased after accounting for the effect of tree species composition within levels of tree species richness. This indicates that the interaction of termite presence and tree species richness may rather be due to a preference of termites for a certain tree community composition or even to single key species within the respective community. Concordantly, studies report that termites do not only feed on dead wood, but also on living trees (Abe and Watanabe 1983;  (0, 1, 2, 4, 8, 16, 24 ; for color reference see Fig. 2 ) Note that all observations where termites were present in the eight-species mixtures were dropped from the analyses because these were outliers. (c) Shape (1: strongly concave, 2: slightly concave, 3: plane; 4: slightly convex, 5: strongly convex). Decomposition rates (k-rates) are predicted from model 4.3 in Fig. 3b ; Significances in (b) and (c) are based on post-hoc tests based on least square means, adjusted according to Tukey's HSD Test. Sign. Codes: ***P < 0.001; **P < 0.01; *P < 0.05; letters in (c) depict significant differences (α = 0.05). See color figure for online. Traniello and Leuthold 2000) and a study on the distribution and abundance of termites in subtropical China reported that termites from the genus Coptotermes preferably attacked the tree species Cinnamomum camphora (Theaceae; Liu 1996) . Within the BEF-China experiment, C. camphora is part of the species that are planted in communities in both Sites A and B (Bruelheide et al. 2014) . However, as we did not collect detailed taxonomic information on the local termite species as well as their ecology, we are not able to interpret the finding of termite abundances with respect to certain tree species in more detail. Yet, in a related study on leaf decomposition, Seidelmann et al. (2016) reported a significant effect of the presence of a certain tree species in the investigated communities on leaf decay, fortifying our conclusion that the presence or absence of termites may be influenced by local tree species composition.
With respect to the relative importance of microclimaterelated variables compared to the treatments that were applied in our wood decomposition experiment, we find that in the first sampling period microclimatic variables explained approximately the same amount of overall variance as the treatment-related variables. In contrast, in the second sampling period, the treatment-related variables were stronger predictors for wood decomposition rates.
Yet, it has to be noted that micro climatic conditions acted on all samples, irrespective of the treatment. Thus, under natural conditions, wood decomposition is mainly controlled by local climatic conditions (see also Berg et al. 1993; Chambers et al. 2000; Kueppers and Harte, 2005; Meentemeyer 1978; Raich et al. 2006) . Congruently, our data indicate that dead wood decomposes faster in plots that feature higher mean temperature, higher relative humidity and a more stable climate (indicated by the strong relationship with northness). These conditions generally favor biological breakdown of organic matter (Tuomi et al. 2009 ). We give evidence that this is also true when the climatic gradient is restricted to small scale heterogeneity. It is important to note that climate does not mediate decay rates directly, but most likely influences the abundance and activity of decomposers (Bradford et al. 2016) .
The local decomposer communities significantly affected the dynamics of wood decomposition, as indicated by the high proportion of variance accounted for by the mesh treatment. When arthropods have access to the samples, they physically break down dead wood material and therefore account for the majority of mass loss observed in our data. Similar results have been reported from other studies in a variety of other biomes (Cuffney et al. 1990; Graca et al. 2001; Kagezi et al. 2011) . This break down resulted in the observed increased mass loss when arthropods had access to the samples. While the final step of remineralization (and ultimately the feedback to the soil nutrient pool) is accomplished by the microbial community (Yin 1999) , macroinvertebrates often disintegrate and sometimes partially digest it (Brune 2014) , making the organic material easily available to the micro decomposer community.
In general, our models fitted the data better in the late than in the early stages of decomposition. This observation is congruent with other studies on wood decomposition (Edmonds 1991; Freschet et al. 2012) . In these studies, it has been stated that in the early stages of decomposition the wood is being colonized by decomposers and that decomposition rates increase only after this initial colonization has occurred.
CONCLUSION
While we did not detect significant effects of tree species richness, the present study demonstrates that even on the local scale wood decomposition is mainly controlled by small scale climatic variation. In addition to this abiotic effect, the composition of the local decomposer community strongly alters its effect on wood decomposition. We demonstrate that the importance of the biotic variables is similar to or even higher than the one of the abiotic variables. Interestingly, due to an effect of tree species richness on the presence or absence of termites (or the tree species composition of the local forest community) it seems to influence the local decomposer community, as termites seem to favor certain species compositions. However, we lack closer information about the detailed composition of the decomposer communities itself, making it hard to make a definite statement on this assumption. Thus, we recommend that future studies make an effort to investigating this important interplay between tree species composition and the decomposer community (both fungi and mesoinvertebrates and macroinvertebrates) in more detail.
